Introduction
Since Edler and Hertz 1 published the first description of the use of ultrasound to assess cardiac function in 1954, echocardiographic technology and training have developed and spread from a specialist cardiology tool to a practical form of bedside imaging for critically ill patients.
In the 1990s, intensivists were introduced to echocardiography in the cardiothoracic theatre where they learnt transoesophageal echocardiographic skills. Since that time, the concept of a broader remit for echocardiography in the critically ill has developed.
Transoesophageal echocardiography is an invasive procedure requiring more than one operator. It is sometimes contraindicated, for example in the head-injured patient. The transthoracic approach requires a single operator, is non-invasive and more easily repeated allowing changes to be monitored. However the potential lack of transthoracic acoustic windows in the critically ill is a concern.
Conventionally, transthoracic echocardiography is undertaken in the left lateral position. This may be difficult to achieve in the critically ill. Body wall oedema, dressings, surgical wounds, hyperexpansion of the anterior regions of the lungs due to ventilation and dependent lung collapse may also hamper imaging.
Proponents of transoesophageal echocardiography such as Cook 2 found adequate transthoracic acoustic images in only 62% of patients in a surgical intensive care unit. Other authors such as Bossone 3 found the transthoracic approach 99% effective for the diagnosis of unsuspected cardiac pathology in an observational study of 500 patients.
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We systematically assessed the utility of diagnostic data and the accuracy of haemodynamic data obtained by transthoracic echocardiography in critically ill adults, by examination of prospective studies in unselected adult intensive care patients. Of the ten studies identified, three examined the diagnostic utility of transthoracic echocardiography. Thirty-eight percent of clinical questions were answered by a single transthoracic echocardiogram. The weighted mean percentage of clinical findings yielded by transoesophageal echocardiography not found by the transthoracic approach was 33% (range 28-50%).
Four studies examined the correlation between transthoracic echocardiographic estimation of pulmonary artery occlusion pressure and pulmonary artery catheter-derived measurement. Correlation was strong in all studies: for example in one study r=0.98, p<0.001, with a mean difference of 0.0 (2.5) mm Hg by the Bland-Altman technique.
Three studies examined the correlation between transthoracic echocardiography and thermodilution-derived cardiac output measurement. Correlation varied with the echocardiographic technique used and correlated best with Dopplerderived measurement: r=0.93, p<0.0001, mean difference of 0.2 (0.82) litres per minute.
The diagnostic utility of transthoracic echocardiography compared with transoesophageal echocardiography in the critically ill cannot be reliably assessed from the available studies. More relevantly designed studies are required. Transthoracic echocardiography can accurately estimate pulmonary artery occlusion pressure, but the technique requires the patient to be in sinus rhythm. Transthoracic echocardiography can also accurately estimate cardiac output in the critically ill. Further studies should concentrate on Doppler-based assessments. The scene is now set for the development of this valuable non-invasive tool.
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The PAC-Man trial 4 demonstrated the equivalence of cardiac monitors, including the pulmonary artery catheter, with clinical assessment. There is currently no summary information about the accuracy of transthoracic echocardiography as a diagnostic and haemodynamic tool in the critically ill. We therefore undertook a systematic review of prospective comparative studies examining the diagnostic utility and accuracy of haemodynamic measurements using transthoracic echocardiography in the critically ill.
Method and materials
Medline, EMBASE, the National Research Register and the Cochrane database were searched. Search terms were 'critical' OR 'intensive care unit' OR 'critical illness' OR 'ITU' OR 'ICU' OR 'CCU' OR 'critical-care' OR 'critical-therapy' OR 'intensivecare' OR 'intensive therapy' OR 'critically-ill' OR 'severely-ill' OR 'critically unwell' OR 'severely-unwell' OR 'HDU' OR 'highdependency' OR 'artificially ventilated'. These were combined with the terms 'echocardiography' OR 'transthoracic' OR 'sono*' OR 'trans-thoracic' OR 'echocardiograph*'. Relevant studies were identified by title, the abstracts examined, and the full text of all potentially relevant studies reviewed. The bibliographies of identified studies and reviews were consulted for further citations.
Prospective studies were included which used transthoracic echocardiography in unselected critically ill adults and compared it to an alternative technique for diagnostic utility or for accuracy of haemodynamic measurements. Studies involving patients on a coronary care unit or in an acute admissions unit were included, provided more than 40% of patients were in an intensive care unit. The number of ventilated patients was not used as an exclusion criterion.
Studies investigating non-visual stand-alone Doppler echocardiography, or other non-standard echo formats such as contrast echocardiography were excluded. Also excluded were studies where the time between comparator tests exceeded five hours. We also excluded those studies not published in English. The technical development of echocardiography has been such that studies prior to 1990 are not relevant to current practice, 5 and consequently only studies published after this date were included.
Outcome measures were selected following preliminary screening of the selected studies. In studies of diagnostic utility, outcome measures were the percentage of studies or patients in whom clinical findings correlated, or the percentage of clinical questions answered. In those assessing the accuracy of estimates of pulmonary artery occlusion pressure (used by the investigators as a surrogate marker for left atrial pressure) or cardiac output, the correlation between transthoracic echocardiography and the comparator technique was examined.
Quality assessment
Study quality was assessed using a modified 'Standards for Reporting of Diagnostic Accuracy' (STARD) score 6 . The selected components of the STARD criteria used are: 1. Suitable study population: At least 40% of patients were receiving level III care, patients had unselected pathologies, and may or may not have been ventilated. 2. Appropriate reference standard was used for comparison. 3. Appropriately trained echocardiographers obtained study data. 4. Echocardiographers were blinded to the reference test. 5. There was a maximum of two hours between the tests. 6. Consideration of interobserver variability was given. 7. Assessment of the accuracy of transthoracic echocardiography was made.
Heterogeneity
Where methodological heterogeneity was judged to be low a summary statistic was calculated, otherwise the results are described. This is in accordance with the principles set out by Deville for the meta-analysis of studies of diagnostic accuracy. 7 Figure 1 illustrates the process used to identify studies and reasons for exclusion. One further article was identified from reference lists of obtained citations. Included articles were grouped into studies examining diagnostic utility compared to transoesophageal echocardiography, and those comparing echocardiographically-obtained haemodynamic data with pulmonary artery catheter-derived data. Haemodynamic studies were subdivided by assessment of cardiac output or of pulmonary artery occlusion pressure. Table 1 shows a summary of study quality scores. Considering the studies as a group, there were three main deficiencies. These were failure to list the echocardiographer' s level of training, lack of blinding of the echocardiographer to the reference test, and failure to assess inter-observer agreement. Table 2 demonstrates the main findings in this group of three studies (Hwang, 8 Vignon, 9 Heidenreich 10 ). Study quality was moderate. Vignon 9 found that 60/158 (38%) of clinical questions were answered by transthoracic echocardiography and of the remaining 98 clinical questions, 95 were answered by transoesophageal echocardiography (97%). Results from the studies by Hwang 8 and Heidenreich 10 could be combined because they had homogenous methodologies. The weighted mean percentage of clinical findings or positive examinations yielded by transoesophageal echocardiography not found by the transthoracic approach in these two studies was 33% (range 28-50%).
Results
Study quality
Comparison of the diagnostic utility of transthoracic and transoesophageal echocardiography
Hwang 8 examined a mixed group of medical and surgical intensive care patients seeking evidence of aortic dissection, mitral regurgitation, intracardiac thrombus, infective endocarditis or using echocardiography as a diagnostic tool in cardiovascular instability. Similarly, Vignon 9 sought answers to a range of clinical questions and found transthoracic echocardiography varied in its usefulness according to clinical indication.
Vignon 9 found an acoustic adequacy of 78% for the The study by Heidenreich 10 yielded more useful information. Heidenreich 10 performed near-simultaneous transthoracic and transoesophageal examinations in 45 critically ill patients with sustained hypotension. He found transthoracic acoustic adequacy was only 36% when defined as visualisation of all four cardiac chambers and the mitral, aortic and tricuspid valves. Despite this, diagnosis of the cause of hypotension by the transthoracic approach was possible in 72% of cases suggesting a full scan may not be necessary to obtain useful information. In the remaining 28% of cases further relevant information was added by transoesophageal echocardiography.
Heidenreich 10 concluded that transoesophageal echocardiography could make an important additional contribution to the diagnosis and management of unexplained hypotension in the critically ill. He did not comment fully on the therapeutic impact of each technique; however, 12/17 patients with additional findings on transoesophageal examination were referred for cardiac surgery.
Other investigators have performed non-comparative studies in a similar vein. In 2004, Joseph 11 studied a series of 100 critically ill patients with shock to determine whether the cause was cardiac. He compared his data to 'other clinical information' and found that transthoracic echocardiography produced adequate images in 99% of cases and was 100% sensitive for identification of cardiac causes of shock. Table 3 demonstrates the findings in this group of four studies (Stork, 12 Nagueh, 13 Boussages, 14 Dokainish 15 Nagueh 13 found a similar degree of correlation using the formula: 17 + (5.3 x E/A) -(0.11 x IVRT) (r=0.88, no p-value given, mean difference of 0.0 (2.5) mm Hg by the Bland-Altman method).
Accuracy of pulmonary artery occlusion pressure estimation by transthoracic echocardiography
The two remaining studies in this group (Boussages 14 and Dokainish 15 ) used transthoracic echocardiography to achieve a 'high' or 'low' classification of pulmonary artery occlusion pressure. Boussages 14 found a moderate level of correlation of trans-mitral Doppler-derived velocity ratio with pulmonary artery catheter-measured occlusion pressure (r=0.55, p<0.001). However, using a Doppler-derived velocity ratio of greater than two as a marker of an occlusion pressure of >18 mm Hg had a 100% positive predictive value.
Dokainish 15 undertook a similar assessment, using tissue Doppler to measure the lateral movement of the septal wall during mitral filling in the passive and active phase; this is termed the E/Ea ratio. A reasonable degree of correlation with pulmonary artery catheter-derived occlusion pressure (r=0.69, p<0.001) was identified, with sensitivity of 86% and specificity of 88% for an E/Ea ratio >15 to predict pulmonary artery catheter-derived occlusion pressure of >15 mm Hg. Table 4 demonstrates the findings in this group of three studies (Kaul, 16 Jardin, 17 McLean 18 ) comparing the accuracy of cardiac output estimated by transthoracic echocardiography and measured by thermodilution using the pulmonary artery catheter. Study quality was moderate in this group.
Accuracy of cardiac output measurement by transthoracic echocardiography
It was not possible to calculate a summary statistic for these studies due to methodological heterogeneity.
Kaul 16 compared a visual summary score of left ventricular adequacy rather than cardiac output per se, with thermodilution-derived cardiac output measurement. Overall there was 86% correlation between the techniques for the determination of non-cardiac or cardiac causes of hypotension, pulmonary oedema or both. Jardin 17 compared cardiac output estimated by echocardiographic measurement of stroke index (the difference between left ventricular end-systolic and end-diastolic volumes), and thermodilution-measured cardiac output using a Bland-Altman technique. All included patients had sepsis. Eleven results demonstrated no correlation. Twenty-one out of 32 comparisons were within two standard deviations of the mean (mean difference of 1 (10) cm 3 /m 2 ; values not quoted in text but taken from the Bland-Altman plot illustrated in the paper).
Jardin 17 concluded that pulmonary artery catheter data may be less reliable in the context of sepsis. This is based on the observation that in nine of these patients, thermodilution data suggested depressed myocardial contractility whereas echocardiography demonstrated that contractility was good. Table 4 Comparison of cardiac output measured by transthoracic echocardiography (TTE) and pulmonary artery catheter (PAC).
Original articles
In a small study, McLean 18 achieved excellent correlation between trans-aortic Doppler velocity-derived cardiac output and thermodilution data in patients with a broad range of diagnoses including sepsis. McLean 18 calculated cardiac output by multiplying mean blood velocity measured using Doppler across the left ventricular outflow tract by measured left ventricular outflow tract area by heart rate. Correlation with thermodilution was strong (r = 0.93, p<0.0001; mean difference of 0.2 (0.82) L/min, by the Bland-Altman method).
Discussion
Limitations of this review
The main limitation of this review is the heterogeneity of study design in the identified publications. Studies assessing the utility of transthoracic and transoesophageal identification of pathological findings had the most similar designs. However, they reported various outcome measures. Amongst studies comparing the accuracy of transthoracic echocardiography with pulmonary artery catheter measurements, there is wide methodological heterogeneity. Each study used a different method of measuring pulmonary artery occlusion pressure and cardiac output by transthoracic echocardiography.
A further limitation is the small number of patients included in most studies. Eight out of the ten studies contain less than 76 patients. Quality scores were generally moderate due to poor reporting of echocardiographer experience, low rates of blinding of the echocardiographer to other data, and very low rates of assessment of inter-observer variability.
Diagnostic utility of transthoracic echocardiography in critically ill adults
The existing literature does not allow us to fully assess the diagnostic ability of transthoracic echocardiography in the critically ill. [8] [9] [10] Firstly, considering technological advancement, there is a lack of data from the last decade. Secondly, two of the three included studies base their conclusions on the search for pathology more often identified by the transoesophageal approach. Taken together these studies demonstrate the recognised principle that selection of the correct echocardiographic approach depends on the pathology sought. For example, a search for aortic dissection, or intracardiac thrombus is a positive indication for transoesophageal echocardiography. This is accepted cardiological practice. Consequently, these studies add little to current patient management in intensive care.
In the most relevant study in this group, Heidenreich 10 found that despite an inability to achieve perfect transthoracic visualisation, diagnosis of the cause of hypotension was possible in more than two thirds of cases.
The evidence available suggests that even a limited transthoracic scan may allow a clinically useful diagnosis in a significant proportion of patients.
Clinical significance of studies examining the accuracy of transthoracic echocardiographic estimation of pulmonary artery occlusion pressure
The studies by Stork 12 and Nagueh 13 demonstrate a high degree of accuracy and precision for the estimation of pulmonary artery pressure by transthoracic echocardiography. Nagueh 13 pre-validated his Doppler-derived formulae in part 1 of his study. Stork 12 does not state how the equation he used was obtained. Nagueh 13 was unable to adequately image 29% of the study patients and excluded these from further analysis. These failures were due to inadequate acoustic windows or failure to separate the passive (E) and active (A) waves of mitral inflow. E and A wave separation relies on the patient being in sinus rhythm, which is often not the case in the critically ill.
The studies by Boussages 14 and Dokainish 15 found strong positive correlation between high trans-mitral Doppler velocity ratios (obtained by standard trans-mitral and tissue Doppler) and high pulmonary artery occlusion pressures measured by pulmonary artery catheter. Although these studies did not estimate the pulmonary artery occlusion pressure obtained by transthoracic echocardiography, the ability to discriminate noninvasively between high and low values is clinically valuable. Once again 29% 14 and 14% 15 of patients were excluded from the analysis due to the inability to fully separate the E and A waves of mitral inflow. The reasons for this included inadequate imaging per se, non-sinus rhythm, tachycardia and severe mitral regurgitation. Clearly this is the major limitation of the technique.
Clinical significance of studies examining the accuracy of transthoracic echocardiographic assessment of cardiac output
Of the three studies in this group, Kaul 16 and Jardin 17 reported their results subjectively. Kaul attempted to define cardiac and non-cardiac causes of shock using subjective assessment of left ventricular function by transthoracic echocardiography, and comparing this to cardiac output measured by thermodilution. The techniques agreed in 36/42 cases (86%). The techniques differed most frequently when hypotension and pulmonary oedema coexisted. Kaul also commented that pulmonary artery catheter data may be misleading in this situation, because measurement of stroke volume may lie in the normal range, thereby incorrectly inferring normal ventricular function despite myocardial depression.
Taking these three small studies together, the available data suggest that accurate non-invasive cardiac output measurement is possible. [16] [17] [18] Doppler methods of assessment may be the most accurate, however subjective methods also have clinical use. There is some evidence to suggest that in the setting of sepsis, echocardiographic assessment of cardiac output and ventricular function may be superior to pulmonary artery catheter data.
Conclusions
The available data have not yet fully clarified the potential of transthoracic echocardiography in the critically ill.
Transthoracic echocardiography is a rapid, non-invasive technique, which can be easily repeated. Although limited, the current data suggest that transthoracic echocardiography is at least a useful preliminary diagnostic investigation in the critically ill.
Published studies examining the diagnostic accuracy of transthoracic echocardiography used out-dated equipment.
Recent technological advances may significantly increase the utility of this modality. Despite this limitation, in 40% of cases transthoracic echocardiography answered the clinical question without recourse to further tests. The clinical relevance of superior image quality obtained by transoesophageal echocardiography has not yet been fully explored.
Similarly, there are promising data regarding the accuracy of transthoracic echocardiographic estimation of pulmonary artery occlusion pressure. Of particular note is that strong correlation with pulmonary artery catheter data can be achieved using various trans-mitral Doppler techniques. These methods are ripe for unification and larger scale testing.
Non-invasive estimation of cardiac output by Doppler techniques appears to be reliable in the small number of studies available. In the setting of sepsis this technique may become a gold standard. Further trials are required to validate this and address the feasibility of using transthoracic echocardiography as a monitor rather than to obtain a single diagnostic measurement.
In conclusion we find that the clinical use of transthoracic echocardiography is sufficient to justify investment in validation through further studies and the establishment of focused echocardiography training for intensivists.
